A family of five hybrid ABX 3 perovskites has been synthesized using hypophosphite (H 2 POO) − as the X-site ion. These compounds adopt the general formula [Am]Mn(H 2 POO) 3 , where Am = guanidinium (GUA), formamidinium (FA), imidazolium, triazolium, and dabconium. We explore the diverse structural and phase transition behavior of these materials through singlecrystal diffraction measurements and demonstrate contrasting magnetism in two of the phases, Am = GUA and FA, that arises from structural distortions. The results show that hypophosphite perovskites offer a promising platform for generating new functional materials.
S ince the discovery of the first perovskite, CaTiO 3 , the ABX 3 perovskite topology has recurred frequently in materials chemistry and condensed matter physics as a system that is very tolerant to substitution. In recent years, the replacement of the monatomic A or X site ions with molecular ions has given rise to a large family of hybrid (organic−inorganic) perovskites, many of which display exceptional functional properties beyond those of classical perovskites. 1 A key example is the alkylammonium lead halide family, which has revolutionized the field of photovoltaics. 2 In this family, the anisotropic dynamics of alkylammonium ion play an important role in controlling optoelectronic properties. 3 More generally, the anisotropy and greater chemical diversity of possible A-and Xsite molecular ions in hybrid perovskites gives the potential for more types of ordering and symmetry-breaking, allowing for more subtle tuning of structure and hence function, compared to inorganic systems.
When both A and X site ions are molecular, a large structural diversity becomes accessible, giving rise to further functionality. The alkylammonium metal(II) formate family 4,5 is the most extensive and contains ferroelectric 6−8 and multiferroic members. 9−11 Known hybrid perovskite families with molecular X-sites include azides, 12 dicyanamides, 13 dicyanometallates, 14 cyanides, 15 thiocyanates, 16 and borohydrides. 17 Herein we report the synthesis and characterization of a new family of hybrid perovskites where X = (H 2 POO) − (hypophosphite). This new linker has the advantages of being cheap, nontoxic, and earth-abundant. We have previously noted the structural and functional similarities of hypophosphite to formate ( Figure  1 ) that make it a promising platform for new perovskites. 18 We also note the existence of V(H 2 PO 2 ) 3 , which has the parent reo topology. 19 Using the Goldschmidt tolerance factor modified for hybrid perovskites, 20,21 we predicted compositions likely to adopt the perovskite structure when X = hypophosphite. We then succeeded in synthesizing perovskites with five different Asite amine cations: guanidinium (GUA), formamidinium (FA), imidazolium (IM), triazolium (TRZ), and 1,4diazabicyclo[2.2.2]octane-1,4-diium or "DABCOnium" (DAB) (see Supporting Information for details). All of the new phases have tolerance factors in the range 0.86−0.91 (Table 1 ). In a typical synthesis, manganese carbonate (1 equiv) was dissolved in excess aqueous hypophosphorous acid solution (50% w/w; 6 equiv). The alkylamine or alkylammonium salt (1 equiv) was then added and stirred until dissolved. Using these solutions, crystals were obtained using slow evaporation at 50°C or through vial-in-vial diffusion (see SI for full synthetic details). Figure 2 shows the structures of the five [Am]Mn(H 2 POO) 3 perovskites. GUA, FA, IM, and TRZ form conventional ABX 3 perovskites, whereas DAB forms an ordered A-site double perovskite of the form AØM 2 X 6 (Ø = vacancy), with DAB 2+ cations occupying 50% of the perovskite cages. Mn formate perovskites containing GUA, 5 IM, 22 and FA 23 are known, so hypophosphite might be expected to form structurally similar phases. However, hypophosphite appears to be significantly more flexible and our results show that the hypophosphite perovskites display significantly greater cage distortions, giving rise to additional symmetry-breaking elements in the form of classically forbidden Glazer tilts 24 or and columnar shifts 25 (i.e., shearing of whole columns or sheets of octahedra).
To highlight the difference between the formate and hypophosphite perovskites, we introduce a "distortion factor", δ, (eq 1), which compares the actual volume of a single perovskite cage (V real ) to that of an idealized cubic cage with the average crystallographic M−M′ distance (V ideal ) in that phase, to show how far that structure departs from the cubic aristotype. Table 1 clearly shows that while δ formate reaches a maximum of 1%, δ hypophosphite is considerably higher in several cases.
[GUA]Mn(H 2 POO) 3 forms two polymorphs at room temperature: triclinic P1̅ (V RT = 1111.4 Å 3 ) and monoclinic I2/m (V RT = 1121.1 Å 3 ). Both structures are fully ordered, with all six GUA N−H hydrogens H-bonding to the inorganic framework. In the triclinic form, the GUA cations order parallel to two perpendicular planes, whereas in the monoclinic modification the cations all lie parallel to one plane ( Figure  2 ). Single-crystal X-ray diffraction shows an irreversible singlecrystal-to-single-crystal transformation of the triclinic to the monoclinic form on heating to 400 K, indicating that the latter is the high temperature modification. It is possible that the triclinic phase is the kinetic phase and converts to the monoclinic phase upon thermal disruption of the GUA Hbonding, or that the less dense monoclinic phase is stabilized by vibrational entropy at high temperatures, as has been observed in other perovskite-related ABX 3 polymorphs. 26 [FA]Mn(H 2 POO) 3 crystallizes in C2/c at room temperature with FA disordered over two positions. It undergoes a reversible order−disorder phase transition at ca. 175 K, with FA ordering in the space group P2 1 /c. This behavior suggests ferroelectric phases could potentially be generated through further chemical tuning. The N−H hydrogens of both forms are fully hydrogen bonded to the framework. This phase has very pronounced layer shearing in one direction, resulting in a distortion parameter, δ, over ten times higher than the corresponding formate phase. This arises from the framework shearing in order to accommodate the highly anisotropic, rodlike FA molecules, highlighting the ability of the Mn− (H 2 POO) framework to more readily adapt to differences in the shape of the A-site cation compared to the formates.
[IM]Mn(H 2 POO) 3 and [TRZ]Mn(H 2 POO) 3 both crystallize in P2 1 /c and have fully ordered cations with no phase transitions in the 120−450 K temperature range. As both phases hydrogen bond through the N−H hydrogens at the 1 and 4 positions of the heterocycle, similar structures would be expected. However, [TRZ]Mn(H 2 POO) 3 is significantly more distorted (δ TRZ = 5.4%, δ IM = 1.9%), perhaps due to the higher polarity of TRZ.
[DAB]Mn 2 (H 2 POO) 6 forms an ordered DAB 2+ /vacancy Asite double perovskite with rhombohedral symmetry. To our knowledge, the only other A-site vacancy double perovskites are the Ln A-site oxides. 27 This perovskite does not follow any known AA′ ordering patterns, such as rock-salt, columnar, or layered normal to the perovskite [100] axes. 28 Instead, it adopts an unprecedented pattern of alternating double layers of DAB and vacancies normal to the perovskite cage body diagonal. This ordering reflects the 3-fold symmetry of both DAB and perovskite around the body diagonal, with the hypophosphite ligands pointing into the vacant cages to accommodate the bulky DAB in the others. Each N−H hydrogen is within 
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Communication hydrogen bonding distance to three equidistant oxygens of an Mn−O 6 octahedral face. The formation of [DAB]-Mn 2 (H 2 POO) 6 appears to be entropically stabilized as it forms on overnight heating of the reaction mixture in air at ca. 50°C. However, it is metastable at room temperature, degrading to binary Mn hypophosphites over several days. The process is reversible. At low temperatures, [DAB]-Mn 2 (H 2 POO) 6 undergoes a reversible symmetry lowering transition to a triclinic P1̅ phase (measured at 120 K), though the refinement of the triclinic phase is rather modest.
All of the bulk samples contain impurities, but reasonably pure samples of two phases, [GUA]Mn(H 2 POO) 3 and [FA]Mn(H 2 POO) 3 , could be obtained through manual separation of single crystals. PXRD data of these two samples showed good purity for the GUA phase and low levels of impurities for the FA phase (see SI for refinements against the PXRD data). Magnetic susceptibility data were collected for these two phases. The results (Figure 3) show that the GUA phase orders antiferromagnetically at low temperatures, with a Neél temperature of 6.5 K; this is very similar to that of [GUA]Mn(HCOO) 3 , which is 8.8 K. 5 In the paramagnetic region, it follows the Curie−Weiss law, with a negative Weiss constant of −9.9 K and an effective magnetic moment of 6.1 μ B (see SI for further details). The expected value of the spin for a high spin d 5 ion is 5.92 μ B . In the case of the FA phase, there is no magnetic ordering but the system follows the Curie−Weiss law with a Weiss constant of −5.8 K and an effective magnetic moment of 5.0 μ B (see SI). We attribute this unusually low moment to the presence of diamagnetic impurities. This behavior is in contrast to [FA]Mn(HCOO) 3 , which is a weak ferromagnet with T c = 8.0 K. 23 In order to probe the origin of the different behaviors, we performed density functional calculations, as described below.
Spin-polarized DFT simulations 29 predict that the uniform metal−ligand environments in [GUA]Mn(H 2 POO) 3 should mediate antiferromagnetic (AFM) exchange, as observed in our own work and in other Mn hypophosphites. 18 However, whereas the most uniform of the three metal−ligand−metal environments in [FA]Mn(H 2 POO) 3 shows both similar geometry and magnetic behavior to [GUA]Mn(H 2 POO) 3 , the other two metal environments are highly distorted ( Figure  4 ). In simulation, this results in a higher-energy layered AFM state, which is consistent with the negative Weiss constant from the Curie−Weiss fit but probably accounts for the lack of observed ordering (details in SI). Comparative electronic spin density isosurfaces for the two phases are shown in Figure 4 .
In summary, we have synthesized and characterized a family of X = (H 2 POO) − hybrid perovskites with five different A-site amine cations. The rich structural diversity, phase transitions, and magnetic behavior of these phases demonstrate that hypophosphite is a promising candidate for generating chemically tunable functional perovskite materials, such as ferroelectrics and multiferroics. By analogy with other perovskite X-site ions such as formate and azide, it is clear this work could lead to a large family of new hybrid perovskites. The use of other A-and B-site cations presents excellent opportunities for future work, along with solid solution studies and the formation of other double perovskites. X-site solid solutions and ordered mixtures are particularly rare for perovskites, so the similarity in size between formate and hypophosphite presents this as an exciting direction for additional research. 
